Objective. The purpose of this study was to determine whether long-term electrical stimulation training of the paralyzed soleus could change this muscle's physiological properties (torque, fatigue index, potentiation index, torque-time integral) and increase tibia bone mineral density. Methods. Four men with chronic (>2 years) complete spinal cord injury (SCI; American Spinal Injury Association classification A) trained 1 soleus muscle using an isometric plantar flexion electrical stimulation protocol. The untrained limb served as a withinsubject control. The protocol involved ∼30 minutes of training each day, 5 days a week, for a period of 6 to 11 months. Mean compliance over 11 months of training was 91% for 3 subjects. A fourth subject achieved high compliance after only 5 months of training. Mean estimated compressive loads delivered to the tibia were ∼110% of body weight. Over the 11 months of training, the muscle plantar flexion torque, fatigue index, potentiation index, and torque-time integral were evaluated periodically. Bone mineral density (dual-energy x-ray absorptiometry) was evaluated before and after the training program. Results. The trained limb fatigue index, potentiation index, and torquetime integral showed rapid and robust training effects (P < .05). Soleus electrical stimulation training yielded no changes to the proximal tibia bone mineral density, as measured by dual-energy x-ray absorptiometry. The subject with low compliance experienced fatigue index and torque-time integral improvements only when his compliance surpassed 80%. In contrast, his potentiation index showed adaptations even when compliance was low. Conclusions. These findings highlight the persistent adaptive capabilities of chronically paralyzed muscle but suggest that preventing musculoskeletal adaptations after SCI may be more effective than reversing changes in the chronic condition. ), bone rapidly demineralizes and osteoporosis develops in paralyzed extremities. [6] [7] [8] [9] The lifetime risk of extremity fracture for people with SCI is approximately double the risk for the able-bodied population.
T he musculoskeletal system experiences extensive physiologic changes after spinal cord injury (SCI). Muscle paralyzed by an upper motor neuron lesion undergoes profound atrophy and gradual transformation to a fast-fatigable phenotype. 1, 2 In the chronically paralyzed state (>2 years), the soleus muscle demonstrates decreased oxidative enzymes (SDH, NADH), 1 extensive fatigue, 2, 3 and decreased cross-sectional area. 4 Deprived of its principal source of loading (voluntary muscle contraction 5 ), bone rapidly demineralizes and osteoporosis develops in paralyzed extremities. [6] [7] [8] [9] The lifetime risk of extremity fracture for people with SCI is approximately double the risk for the able-bodied population. 10 Despite the extensive changes that occur after SCI, evidence is accumulating that paralyzed tissues still adapt according to the overload principle and the specificity of training principle. Electrical stimulation training can improve the torque output [11] [12] [13] and fatigue resistance 13 of paralyzed muscle. As with neurologically intact muscle, repetitive muscular overload elicits the greatest improvements in muscle torque and endurance. 11, 12, 14 We have recently demonstrated that the acutely paralyzed soleus muscle vigorously adapts to electrically elicited repetitive muscle contractions that generate muscular overload (∼60% of the muscle's maximal capacity). 13, 15, 16 After 3 years, trained soleus muscles retained high torquegenerating capacity and fatigue resistance, while the contralateral untrained muscles experienced typical post-SCI physiologic decline. The trained soleus muscles exhibited contractile speed characteristics that were typical of functionally slow muscle, similar to the nonparalyzed soleus.
Previous electrical stimulation training studies indicate that chronically paralyzed muscle (>2 years post-SCI) does indeed undergo hypertrophy 12, [17] [18] [19] [20] and up-regulation of metabolic machinery 12, 18, 21 in response to training. However, the influence of this training on the skeletal system after chronic SCI is not clear. Bone is believed to adapt according to the mechanostat principle, 22 in which bone remodeling occurs when skeletal loads exceed a certain threshold. Several electrical muscle stimulation programs have only marginally influenced bone density, 11, 23, 24 but the compressive dose of load delivered to the bone was not quantified. Our recent longitudinal soleus training program 13 delivered compressive loads to the tibia that approximated 1 to 1.5 times body weight (BW). 25 Early training in individuals with acute SCI attenuated the decline of tibia bone mineral density (BMD), yielding a 31% difference in trabecular bone density between trained and untrained limbs. 13 Bone in chronically paralyzed extremities, on the other hand, has demonstrated less adaptive capability. Because of the extensive destruction of the trabecular lattice during post-SCI osteoporosis, 26, 27 it has been postulated that bone density loss after long-term paralysis may not be reversible. 28 With the advent of a cure for SCI potentially on the horizon, it is imperative that we understand whether deleterious musculoskeletal adaptations after chronic SCI can be reversed. A thorough exploration of this issue has been hindered by the difficulties inherent to longitudinal research, a lack of quantifiable estimates of stress delivered to tissue, the use of protocols with excessive subject burden, and uncertainty that subjects received the prescribed dose of exercise (compliance). Based on our previous assessments of the soleus muscle, 2, 13, 15, 25, 29 we designed an electrical stimulation training protocol to overload the muscle to increase torque production, to repetitively stress the muscle to increase its capacity for repetitive work, and to deliver loads to bone that approximated body weight (BW). Accordingly, the purpose of this study was to determine whether long-term electrical stimulation training of the chronically paralyzed soleus muscle could change the physiological properties of the soleus (peak torque [PT], fatigue index [FI], potentiation index [PI], and torquetime integral) and influence tibia BMD.
METHODS

Subjects
Four men with SCI participated in this longitudinal study (Table 1) . The protocol was approved by the institution's Human Subjects Institutional Review Board. All subjects provided written informed consent before participating. Inclusion criteria were a greater-than-2 year history of complete (American Spinal Injury Association classification A) 30 spinal cord injury above T12 (as determined by neurological examination), passive ankle dorsiflexion to neutral, and passive knee flexion to at least 90°in a seated position. Exclusion criteria were pressure ulcers, lower motor neuron injury below T12 (which would prevent tibial nerve electrical activation), lower extremity trauma, or peripheral/systemic illness or infection.
After an initial testing session (month 0), the subjects began a unilateral soleus electrical stimulation training protocol. Subjects were invited to train for a minimum of 6 months or a maximum of 11 months. At the end of 6 months, 3 subjects (subjects 1, 2, and 4) agreed to continue training through the remainder of the calendar year (month 11).
Test Apparatus and Protocol
Subjects remained in their wheelchairs during the test procedure. The ankle was stabilized in a system that measured isometric plantar flexion torque, as described previously. 2, 15, 31 The knee was positioned at 90°of flexion, and the ankle was in neutral joint position. A nerve stimulation probe placed in the popliteal fossa delivered transcutaneous electrical impulses to the tibial nerve. The test position (flexed knee) minimized the contribution of the gastrocnemius to the plantar flexor torque. 32 Stimulation was provided by a constant current electrical stimulator with a range of 0 to 200 mA at 400 V. It was triggered by digital pulses from a data-acquisition board (Metrabyte DAS 16F; Keithley Instruments Inc, Cleveland, Ohio) housed in a microcomputer under custom software control. The stimulation intensity was supramaximal (about 1.5 times the intensity required to produce a maximum compound muscle action potential). The stimulator delivered a 10-pulse train (15 Hz; 667-millisecond duration) every 2 seconds (Figure 1 ). Each stimulation bout included 125 trains.
Shields and Dudley-Javoroski Based on our previous work, 15 we selected 15-Hz stimulation because it yields an unfused tetanic force that is approximately 60% of a completely fused tetanus. We reasoned that this level of muscle force would provide the necessary overload to induce muscle adaptations (as was observed in acute SCI subjects 13 ). Likewise, based on our biomechanical model, 25 this level of muscle contraction would yield a compressive load through the tibia of approximately 1 to 1.5 times BW, a stimulus believed to be sufficient to trigger bone remodeling. 22 We used a Burke-like fatigue protocol (1-on:2-off work-rest cycle) to induce significant lowfrequency fatigue without inducing neuromuscular transmission failure. 29 On certain testing sessions, we delivered 4 fatigue bouts (each separated by 5 minutes of rest) to determine the magnitude of low-frequency fatigue and of subsequent postfatigue potentiation. 16 These phenomena are believed to reflect the effectiveness of sarcoplasmic Ca 2+ release 33 and of myosin regulatory light chain phosphorylation, 34-37 2 important components of the excitation-contraction process.
Training Protocol
Each subject trained the plantar flexor muscles of 1 limb. For purposes of training, all subjects activated the plantar flexors with reusable self-adhesive carbon electrodes. Two subjects (subjects 1 and 3) attended inlaboratory stimulation sessions 5 days per week for ∼35 minutes per day. Each day, these subjects underwent 4 bouts of stimulation, each separated by a 5-minute rest period. Two other subjects (subjects 2 and 4) trained their limbs at home via a portable stimulator and a limb-constraining system identical to the one used in the laboratory. These 2 subjects returned to the laboratory for testing 2 to 4 times per month. Stimulation parameters were identical to parameters used in the laboratory sessions. The home-training subjects performed 4 stimulation bouts per day on 5 days each week, with 5 minutes of rest between each bout. The portable electrical stimulation system had a start-and-stop button at the subject interface. The stimulators were designed to operate when the subject's skin impedance was recognized (based on a range previously established in the laboratory). The stimulators did not engage unless the electrodes were in place and the skin impedance matched that of the subject. Once activated, the preprogrammed stimulus frequency, intensity, repetitions, and duration were delivered unless the subject aborted the bout. A microprocessor and memory chip within the stimulator recorded the date, time, and number of stimulus pulses delivered to the subject. We were therefore able to precisely quantify each subject's compliance with the home-based training protocol. The training protocol specified that 10000 electrically stimulated contractions be completed each month (4 bouts of 125 contractions per day × 5 days per week × 4 weeks = 10 000 contractions). Compliance was calculated as the percentage of the recommended number of contractions a subject completed in each month.
Data Processing
We present values from a single stimulation bout each month. The PT was defined as the highest torque produced during any of the 125 trains in a bout. The FI was computed according to the following formula: 100 × minimum torque in a bout/PT in a bout. Higher values indicate greater resistance to fatigue. For each stimulus train, we obtained the torque-time integral (Nm*s). The integral is influenced both by the PT and the temporal characteristics of the contraction (duration, degree of fusion, etc). We conceptualized the integral as an estimator of contractile work. We obtained the minimum integral (MI) for each bout of exercise to determine the amount of work being maintained after the development of fatigue.
During several testing sessions, we conducted 4 stimulation bouts, each separated by 5 minutes, to induce low-frequency fatigue. Upon resumption of stimulation, torque gradually increased, a process called postfatigue potentiation. 16, 38 We divided the PT of the fourth bout by the torque of the first contraction in the fourth bout. This yielded a PI, which served as an estimate of the degree of excitation-contraction coupling compromise present at the beginning of the fourth bout and the magnitude of torque recovery during potentiation.
To eliminate the offset in PT, FI, and MI among subjects, we normalized each of these variables to the pretraining (month 0) value. Thus, each of these variables is presented as a percentage of its pretraining value.
BMD Measurement
Subjects underwent dual x-ray absorptiometry (DEXA; Hologic QDR 2000 scanner; Hologic Inc, Waltham, Mass) scans of their proximal tibiae at the beginning and the end of the study. A radiology technician positioned each subject and collected each scan. Because the tibia is a nonstandard measurement site lacking routine clinical analysis algorithms, we used a custom protocol to measure tibia BMD. 39 This method was shown to be highly reliable (intraclass correlation coefficients >0.90) and sensitive to tibia bone loss after paralysis. 39 DEXA provided areal BMD in grams per centimeter squared. We used a biomechanical model 25 to estimate the compressive loads delivered to the tibia via plantar flexor contraction. In brief, plantar flexion PT was divided by the moment arm of the Achilles tendon (6 cm during maximal voluntary contraction, 40, 41 yielding soleus contractile force). Because of the line of action of the Achilles tendon (parallel to the tibia), this force was transmitted as a compressive load to the tibia. Each subject's compressive load was presented as a percentage of BW.
Calculation of Compliance
Compliance was calculated for each subject according to the following formula: (number of stimulations received/number of stimulations prescribed) × 100. To be included in the analysis, subjects needed to comply with at least 80% of the recommended dose. Subjects 1, 3, and 4 received 91.1% of the prescribed dose of 10000 contractions per month (∼9110 contractions). Subject 2 had low compliance for the first 3 months, attaining only >80% compliance by month 5. Thus, subject 2 will be presented separately.
Statistical Analysis
A repeated-measures analysis of variance was used to test for significant effects across time for all dependent variables. Tukey post hoc analysis was used in the event that there was a significant main effect. The strength of the association between changes in FI and changes in the PI was established using a linear regression model and coefficient of determination (R 2 ). Significance was set at P < .05 for all tests.
RESULTS
PT
A representative example of the training effect on torque appears in Figure 1 . The mean (SE) normalized PT for subjects 1, 3, and 4 (the subjects who achieved high compliance) appears in Figure 2 , while each subject's PT is presented separately in Figure 3A . Trained-limb PT increased 19% and 31% by months 3 and 4, respectively (P < .05), after which there was no significant change. The 2 subjects who continued the protocol to 11 months showed no additional increase in PT between 4 and 11 months. Interestingly, mean (SE) untrained limb PT at month 6 also exceeded month 0 values ( Figure 2 ). As depicted in Figure 3A , all 3 subjects with high compliance demonstrated enhancements in untrained limb PT during the course of the study.
FI
A representative example of the training effect on FI appears in Figure 1 . The mean (SE) normalized FI for subjects 1, 3, and 4 (the subjects who achieved high compliance) appears in Figure 2 , while each subject's individual FI is presented in Figure 3B . Group mean FI increased sharply during month 1, exceeding the baseline value by 66% (P < .05). A trend toward an increased FI continued until month 6, after which FI values stabilized. Examination of individual data reveals that the rapid increase in FI at month 1 occurred in all 3 subjects with high compliance ( Figure 3B ). By 11 months, the 2 subjects who continued to train showed consistent increases in FI when compared to the month 1 FI values.
The untrained limbs of the 3 subjects with high compliance showed no enhancements of FI at any point during the study (P = .32; Figure 2 ). Figure 3B illustrates the strong between-limb similarities in FI at the start of the study, followed by rapid differentiation between the trained and untrained limbs.
MI
A representative example of the training effect on minimum torque-time integral appears in Figure 1 . The mean (SE) normalized MI for subjects 1, 3, and 4 (the subjects who achieved high compliance) appears in Shields and Dudley-Javoroski Figure 3C . Group mean MI increased sharply during month 1, exceeding the baseline value by 72% (P < .05).
A trend toward increased MI continued over months 1 to 3, reaching significance by month 4. Thus, MI at months 4, 5, and 6 was significantly greater than MI at month 1 (P < .05). Examination of individual data reveals that the 2 subjects who continued to train beyond 6 months sustained the increased MI for 11 months ( Figure 3C ). Similar to the FI data, MI differed widely between the trained and untrained limbs (P < .05; Figure 2) . Again, Figure 3C illustrates the relative similarity in MI between limbs at the start of the study, followed by rapid differentiation between trained and untrained limbs.
PI
A representative example of the training effect on postactivation potentiation appears in Figure 4 . The 3 subjects with high compliance experienced a steady decline in PI over the first 3 months of training ( Figure 5 ). PI was significantly lower than the month 1 value at months 3 to 6 and 11 (P < .05). Interestingly, 71% of the variance in the FI could be explained by the PI (R 2 = 0.71).
Compliance Measures
The 2 subjects that met the 80% compliance criterion had a mean compliance of 91.1% ± 3.6%. Subject 2 did not meet the threshold training compliance during the first 5 months of the study. Interestingly, this subject's PT, FI, and MI remained unchanged until month 6, only after the 80% threshold level of compliance was met ( Figure 6A ). Similar to the subjects with high compliance, this subject experienced larger gains in FI and MI than in PT. Unexpectedly, this subject demonstrated reductions in PI with a minimal dose of training ( Figure 6B ).
BMD
The mean estimated dose of compressive load to the tibia for the 3 subjects with high compliance increased from 89.2% ± 15.9% BW at the start of the study to 116.1% ± 17.9% BW by month 6 of training. Untrained limb BMD did not differ from trained limb BMD either before or after training (Figure 7) . The BMD of the proximal tibia did not differ before and after training for either the trained or the untrained limb (P > .05; Figure 7 ). The trained limbs of 2 subjects demonstrated an approximately 0.02 g/cm 2 gain in BMD. This degree of change in BMD would be unlikely to significantly alter the strength of the bone. (Table 1) .
DISCUSSION
In 3 subjects with chronic spinal cord injury, 11 months of electrically stimulated soleus muscle training yielded a rapid and prolonged improvement in fatigue resistance. Similar improvements emerged for torque-time integral, an estimator of contractile work. Improvements in PT took longer to develop and were of lower magnitude than the other muscle physiology variables. The PI, an estimator of excitation-contraction compromise, declined steadily during the course of training. Proximal tibia BMD (as measured by DEXA) did not differ because of training.
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FI
For subjects with high compliance, FI responded rapidly to the plantar flexor training protocol. Within the first month, FI exceeded the baseline value by 66%. Similar rapid increases have been observed in previous studies. Subjects with SCI who trained 1 tibialis anterior muscle (10 Hz) demonstrated FI values of ∼39% before training and ∼62% after 1 month of training. 42 This magnitude of improvement (∼75% over baseline) is in accord with the improvement observed by month 1 of the present study. Similarly, Gerrits and colleagues 14 reported that after just 2 weeks of electrical stimulation training (15 Hz), quadriceps FI rose 43% above its baseline value.
Although up-regulation of mRNA for MHC-I and down-regulation of mRNA for MHC-IIX have been observed after 2 weeks of training, 42 there is no evidence to suggest that these early changes correlate to muscle fatigability measures. Similarly, changes that would indicate enhanced oxidative metabolism, such as increased capillarization 17 and citrate synthase levels, 21 have not been reported within the first month of electrical stimulation training. Possible training-induced alterations to proteins involved in excitation-contraction coupling (sarco[endo]plasmic reticulum Ca 2+ -ATPase, ryanodine, dihydropyridine, myosin light chain kinase, etc) may be involved but have yet to be confirmed.
The improvement in FI observed in the 3 subjects with high compliance persisted in the 2 subjects who continued to train until month 11 of the study. This finding is in accord with numerous other studies that have examined the long-term effects of electrical stimulation cycling. Mohr et al showed that conversion of quadriceps myosin to MHC IIA was almost complete by 1 year, 21 which would likely indicate higher FI. Moreover, they showed that citrate synthase levels remained high at 1 year, bolstering this supposition. Likewise, Andersen et al also showed a near-total conversion of quadriceps myosin to MHC IIA after 12 months of training. 43 However, neither of these training protocols was designed to overload the muscle. Rather, these studies emphasized aerobic conditioning with low loads during electrical stimulation-induced cycling. We recently reported preservation of acutely paralyzed soleus FI for up to 3 years of electrical stimulation training that involved muscular overload. 13 The findings of the present study support the observation that just as FI can be preserved in acutely paralyzed muscle, it can also be brought back in muscle with long-term paralysis.
Torque
For the 3 subjects with high compliance, group mean PT increased until month 4 and thereafter remained relatively steady at approximately 30% over the pretraining value. Thus, adaptations leading to increased torque occurred in a time frame consistent with volitional strength-training studies. 44 For the 2 subjects who trained beyond 6 months, PT remained greater than pretraining values at month 11. Two studies of the tibialis anterior 42, 45 reported no increase in force after 9 and 30 weeks of training, respectively. Hartkopp et al 46 reported only a modest increase in wrist extensor force after 12 weeks of training (in a subset of subjects who trained at 15 Hz). However, minimal load was placed on the muscles being trained. In contrast, quadriceps torque appears to respond readily to training. Gerrits et al 14 reported that quadriceps force rose 20% over the initial value after 12 weeks of training (10 or 50 Hz). Crameri et al 12 reported even larger gains in quadriceps force (51% to 122% over the initial force) in subjects who trained with 35 Hz for 10 weeks.
Our findings agree with previous studies that attribute large increases in torque to training. However, previous studies lacked a within-subject control limb for comparison. The increase in PT observed in the untrained limbs in the present study suggests that other noncontractile tissue adaptations 47, 48 or cross-educational effects 49, 50 minimized the difference in training despite visible external signs of hypertrophy. Since all of these subjects had clinically complete lesions, this may support a segmental contribution to cross-education with training. the amount of work the muscle performs. Muscles with a high MI (like the trained limbs in the present study) are likely to be more useful for functional tasks than muscles whose integral is low during fatigue (like the untrained limbs). In the cohort of subjects with good compliance, group mean MI increased sharply during month 1, paralleling the rapid gain in FI. However, the influence of fluctuating PT can be seen in months 4 to 6, when the MI increases and decreases in tandem with PT. Overall, the intervention increased the ability of chronically paralyzed muscle to perform repetitive work.
PI
Electrical stimulation training significantly decreased the magnitude of postfatigue potentiation observed over time in subjects with chronic SCI. The PI could diminish in 2 ways: 1) if the PT for bout 4 decreased or 2) if the contraction 1 torque for bout 4 increased. Further inspection of the data used to calculate the PI reveals that PT for bout 4 did not significantly differ among any of the training months (P > .05). In contrast, contraction 1 torque for months 3 to 6 and month 11 significantly exceeded month 1 torque (P < .05). In addition, month 11 starting torque significantly exceeded the starting torque for all other training months (P < .05). Thus, although bout 4 torque reached a similar maximum value at all time periods, the bout 4 starting torque increased with training. As such, the trained soleus muscles exhibited less fatigue after repetitive stimulation than before they underwent training. This is also supported by the large increase in bout 1 FI during the course of the study. Improved fatigue resistance was coupled with reduced postfatigue potentiation, suggesting that both may be influenced by excitation-contraction coupling mechanisms. Lowfrequency fatigue, which is known to be attributable to excitation-contraction coupling compromise, may benefit most from this type of training protocol.
The PI demonstrated by the subjects in the present study is commensurate with PI values for a previous study of individuals with chronic SCI (∼1.9). 16 We have recently demonstrated that when started early after SCI (<6 months), this soleus training protocol prevents the emergence of postfatigue potentiation for as long as 2 years after SCI. 16 These acutely trained subjects demonstrated minimal low-frequency fatigue, adding additional evidence for a possible effect of training on the excitation-contraction coupling mechanism.
Although there are exceptions, 53 the preponderance of evidence from previous studies concurs that potentiation is more prominent in fast fibers than in slow fibers. In rat gastrocnemius, Moore and Stull 34 found greater myosin light chain phosphorylation (the probable mechanism of potentiation) in fast fibers than in slow fibers. One human study found that vastus lateralis muscles demonstrating the most potentiation had more type 2 fibers and faster contraction time than did muscles that demonstrated less potentiation. 54 Another study found that human gastrocnemius (with a mixed fiber type population) demonstrated greater twitch potentiation than the soleus did (which has mainly slow fibers). 55 In ankle dorsiflexors, muscles with short twitch times (a characteristic of functionally fast muscle) also demonstrated the greatest posttetanic potentiation. 56 In any event, our findings show that daily training has a robust effect on the mechanisms leading to postfatigue potentiation in chronically paralyzed muscle.
Bone Density BMD is at least partially determined by the loads experienced by the skeletal system. 22, 57 The greatest contributor of loading is the activity of muscles, 5 which introduce compressive and shear forces through the bones over which they cross. Extensive research has been undertaken to elucidate a method to improve post-SCI BMD via electrically stimulated contraction. We have recently demonstrated that the electrical stimulation protocol used in this study can partially preserve BMD at the proximal tibia 25 and distal tibia 13 if initiated in individuals with acute SCI. This finding, however, was in subjects who began the training protocol less than 4.5 months after SCI. The osteogenic potential of this protocol in subjects with chronic SCI appears to be limited; subjects demonstrated no improvement in BMD due to the training protocol. The subject's age (37-68 years) did not appear to influence the responses in bone density to training in this study. According to the mechanostat theory, there is a certain threshold of bone strain that will trigger an osteogenic process under normal conditions. As individuals age or have reduced stress from SCI, the bone loses its density. Thus, the amount of stress required to strain the bone should become less as well and should make it easier to reach a threshold strain according to the mechanostat theory. However, the findings from this study suggest that when the bone deteriorates too extensively, it loses its capacity to adapt to strain, even though the threshold strain according to the mechanostat theory may be reached. Future studies may need to consider other methods, such as peripheral quantitative computed tomography, to assess only the highly metabolic trabecular lattice, [58] [59] [60] in which bone remodeling may be most likely to occur. On the other hand, computed tomography images of the distal tibial epiphysis in people with chronic SCI often reveal a near-complete absence of the trabecular Shields and Dudley-Javoroski lattice, 26, 27 a development that is likely irreversible. 28 Thus, a window of opportunity to influence bone density may exist in individuals with SCI within the first year, beyond which loading interventions have a smaller chance of a successful outcome.
Compliance
One subject in the present study (subject 2) demonstrated low compliance with stimulation dose recommendations during the first 3 months of home training. This development had the unexpected benefit of allowing us to explore the possible effect of stimulation dose on muscle physiology. This individual demonstrated no adaptive effects (PT, FI, or MI) until his percentage compliance exceeded approximately 80%. Afterward, although PT remained near baseline values, this subject demonstrated FI and MI improvements on par with the other 3 subjects. Values for PT, FI, and MI for this subject's untrained limb resembled the subjects with high compliance. This finding further underscores the need for elucidation of dose-response relationships for this (and other) stimulation paradigms. It also highlights the critical importance of monitoring compliance with any long-term intervention study.
Interestingly, the subject with low compliance experienced improvements in PI that were of similar magnitude and timing as that of the group of subjects who had high compliance. This indicates that even before improvements in torque and fatigue resistance emerged, the soleus muscle in this individual was undergoing adaptations that minimized the effect of potentiation after repetitive stimulation. Low-dosage training completed by the subject in the first 3 months was sufficient to incite adaptations of the excitation-contraction coupling mechanism. Further work is needed to discern the doses of activity that are needed to yield adaptive effects on the various muscle parameters in individuals with chronic SCI.
The small sample size of this study clearly reflects the difficulties inherent in conducting longitudinal research of intensive training interventions in those with chronic paralysis. A daily training protocol requires significant subject commitment and an ability to attend frequent laboratory sessions. The home-based training protocol substantially reduced this subject burden but required careful monitoring of subject compliance. The precise understanding of compliance and stimulation dose obtained in this study helps to partially offset the normal limitations on conclusions that can be drawn from a study with a small sample. Despite the small sample size in this study, several muscle-dependent variables responded to training in a systematic and significant fashion and in a manner highly reminiscent of changes observed in acutely paralyzed muscle. 13 We maintained more than 80% power in this study for all variables except bone density. Thus, we cannot state with certainty that the lack of an effect on bone was related to the small sample size.
CONCLUSIONS
Eleven months of soleus muscle electrical stimulation training yielded improvements in PT, fatigue resistance, torque-time integral, and postfatigue potentiation in 3 people with long-standing SCI. Because of the isometric muscle activation conditions, the tibia compressive loads were considerably higher than in previous training studies (∼110% of BW), the training was of long duration (11 months), and the dose of exercise was high (∼9110 contractions per month), yet proximal tibia BMD did not change significantly from the training. Future studies with 3-dimensional bone densitometry techniques and a larger sample size should more clearly elucidate the adaptive capacity of trabecular bone in chronic SCI with long-term stimulation. Similarly, future studies should explore the dose-response relationship between therapeutic loading strategies and muscle and bone parameters. To this end, careful monitoring of subject compliance should be a feature of future studies.
